Yellow Fever virus (YFV) is an important human pathogen in tropical areas of Africa and South America. Although an efficient vaccine is available and has been used since the early 1940s, sylvatic YFV transmission still occurs in forested areas where anthropogenic actions are present, such as mineral extraction, rearing livestock and agriculture, and ecological tourism. In this context, two distinct techniques based on the RT-PCR derived method have been previously developed, however both methods are expensive due to the use of thermo cyclers and labeled probes. We developed isothermal genome amplification, which is a rapid, sensitive, specific and low cost molecular approach for YFV genome detection. This assay used a set of degenerate primers designed for the NS1 gene and was able to amplify, within 30 min in isothermal conditions, the YFV 17D vaccine strain derived from an African wild prototype strain (Asibi), as well as field strains from Brazil, other endemic countries from South and Central America, and the Caribbean. The generic RT-LAMP assay could be helpful for YFV surveillance in field and rapid response during outbreaks in endemic areas.
Introduction
Yellow fever virus (YFV) is an arthropod-borne virus belonging to the Family Flaviviridae, genus Flavivirus (Dietzgen et al., 2012) , where it is the prototype species. It is one of the most important human pathogens in tropical areas of Africa and South America (Ferguson et al., 2010; Jentes et al., 2011; Monath, 2001; Monath and Vasconcelos, 2015) . The viral genome is composed of a single stranded, positive sense RNA with approximately 11 kb in length composed by 10 genes, three structural (E, prM and E) and seven non structural (NS) namely NS1, NS2a, NS2b,NS3, NS4, NS4b and NS5, which encodes ten proteins with the same name, and the open reading frame is flanked by two non-coding regions (NCR) (Dietzgen et al., 2012) .
10-20% (Monath and Vasconcelos, 2015; Vasconcelos, 2003) With the strong vector control measures during introduction of the YFV vaccine in 1942 (Frierson, 2010; Norrby, 2007) , the disease was largely controlled in urban areas of tropical America. However cases or limited outbreaks of sylvatic yellow fever are still detected in forested areas of the Amazon region and central region of Brazil due to exposure of susceptible (non immunized) people to the virus in endemic areas, and also to disruption of natural ecosystems in these areas (Vasconcelos et al., 2001) . Cases or clusters of urban yellow fever were detected in Bolivia and Paraguay in 1997 and 2009 respectively, after several decades of absence of yellow fever urban cases (Ferguson et al., 2010; Monath and Vasconcelos, 2015; Van Der Stuyft et al., 1999) . Although of great public health importance, the majority of molecular test protocols developed for yellow fever use probes, thermo cyclers (Dash et al., 2012; Nunes et al., 2011; Weidmann et al., 2010) or have been developed for African Yellow fever strains (Domingo et al., 2012; Escadafal et al., 2014; Kwallah et al., 2013) .
The isothermal approach is a simple method that combines a set of non-labeled primers, conventional deoxynucleotides and a specific polymerase able to unfold the double DNA strand (Notomi et al., 2000) . The Reverse Transcription Loop-mediated Isothermal Amplification (RT-LAMP) has been previously developed to detect other viruses including influenza and various other distinct arboviruses viz. dengue (DENV-1 to 4), West Nile, Chikungunya and Japanese Encephalitis viruses, as well as for African YFV strains (Kalvatchev et al., 2010; Lu et al., 2012; Parida et al., 2004; Poon et al., 2005; Toriniwa and Komiya, 2006) . This approach has been used as an alternative method for genome detection. It is lowcost, rapid, accurate and sensitive (Mori and Notomi, 2009) . In this work, a total of 43 YFV complete genomes retrieved from the GenBank database were used to develop the RT-LAMP assay (RT-dLAMP) with degenerate primers. This approach was compared with previous specific African strain RT-LAMP method (RT-sLAMP), RT-PCR, RT-hemi-nested-PCR, RT-qPCR, and virus isolation. The current method using degenerate primers was able to detect all viral isolates recovered from human cases, non-human primates and mosquitoes, as well as YFV samples obtained from experimentally infected hamsters.
Material and methods

Ethics statements
The study protocol was approved by the Animal Care Ethics Committee of the Evandro Chagas Institute. The experiments observed the principles of the Brazilian Laws and Regulation, and the authorization for use was obtained through the protocol #061/2009. VERO cells used in the study were provided by the cell culture collection of the (Table 1) were cultured at the Department of Pathology, University of Texas Medical Branch, Galveston, and used for RNA extraction using the Trizol-Qiagen protocol (Qiagen, 2003; Rio et al., 2010) . Total RNA samples were sent to the Center for Technological Innovation (CTI), Evandro Chagas Institute, Ministry of Health, Brazil. YFV Brazilian strains were cultured in the Department of Arbovirology and Hemorrhagic Fevers, Evandro Chagas Institute using Biosafety Level 3 (BSL3) facilities, and RNA samples were obtained at the CTI, Genomic Core, as previously described (Qiagen, 2003; Rio et al., 2010) . RNA samples were used for RT-LAMP using degenerate primers (RT-dLAMP) evaluation in comparison to four other methods: RT-Hemi-Nested-PCR, RT-PCR, RT-qPCR (Nunes et al., 2011) and with the current RT-LAMP assay based on NS1 gene sequence of YFV 17D strain hereafter named as RT-specific LAMP (RT-sLAMP) (Khunthong et al., 2013) .
Hamster (Mesocricetus auratus) samples
A total of 120 young hamsters (10-days old) were divided in two main groups named YFV group and non YFV group, composed of 60 animals per group. The YFV group was used for experimental infection with the BeH 111 YFV strain (Brazilian prototype strain) provided by the Department of Arbovirology and Hemorrhagic Fevers, while the non YFV group was used as a control group. The experiments were conducted in BSL3 facilities according to the Institutional Biosafety rules and approved by the Ethics Committee on experiments with animals (CEUA/IEC). Hamsters were infected by intraperitoneal route with a virus dose of 1.9 × 10 5 in a volume of 0.2 mL, separated in cages with six animals each and observed daily for a period of 10 days. Blood samples were collected daily from both groups (YFV and non YFV groups) between days 1-10 post infection. Blood samples were used to obtain sera used for RNA extraction and for testing the RT-dLAMP and other molecular methods.
Primer design
Specific set of primers were designed based on 43 YFV complete genomes obtained from YFV isolates from Brazil (n = 12), Africa (n = 30), and Trinidad (n = 01), available at the GenBank database (http://www.ncbi.org.nih.com) using the online open source Primer Explores V.4 software (http://primerexplorer.jp/e/ ). The sequences were grouped into three distinct clusters based on geographic locations in South American group, Central American and the Caribbean group, and African group, and were aligned using the Geneious v. R-7 (Kearse et al., 2012) . Consensus sequences for each of the established YFV groups were used for re-alignment and production of a unique consensus of YFV sequences. Degenerate set of primers were designed and denominated YFVF3 outer primer (TCCACACCYTGGAGRCAYTR), YFV B3 reverse primer (GYCCAT-CACAGYYGCCRTCA), YFV Fic (GRCCTCCGATTGAYCTCGGC+TTT), YFV F2 forward inner primer (ARTGTGARTGGCCRCTGAC), BIP reverse inner primer YFV B2 (GGTYCAGACRAACGGACCTTGG+TTT), BIP reverse inner primer B1c (YCCTGGGCAAGCTTCTCT), YFV LF forward loop primer (CTTCAACTGATGTTCCAATCGTATG), YFV LB reverse loop primer (ATGCAGGTRCCACTAGAAGTGA). Primers were used for RT-dLAMP assays (Fig. 1 ) The one step RT-dLAMP approach was used for YFV genome amplification. In this case, a set of degenerate primers (Fig. 1) was used with the OmniAmp TM RNA & DNA LAMP Kit (http://lucigen. com/OmniAmp-RNA-and-DNA-LAMP-Kit/) in the following conditions: 5 uL of target RNA, 40 pmol of inner primers (YFFIP and YFBIP), 20 pmol of loop primers (YFLF and YFLB), 5 pmol of outer primers (YFF3 and YFB3), 800 uM of each dNTP, 12 mM of MgSO 4 , 1 M of Betaine, 1X DNA Polymerase Buffer, 2X OmniAmp DNA Polymerase, and DNAse/RNAse free water adjusted to a final volume of 25 uL. Reverse transciption was carried out for 30 min followed by additional 30 min LAMP step run in isothermal condition (60 • C) in a thermoblock heat system (Thermo Scientific). The amplified gene products were separated by electrophoresis in 2% agarose gel stained with 10,000 × SYBR safe ® (Invitrogen) diluted 1:10,000 in 1 × TAE (Tris Acetate EDTA) gel and of SYBR ® Green I nucleic acid gel stain (10,000X concentrate in DMSO) added to the samples in a proportion of 1:25. Cross contamination among samples was minimized using individual disposable tips with barrier for each sample, and also by pipetting the samples in a class II-B2 biosafety hood, which maintains the internal environment in balanced pressure eliminating the aerosol production.
Testing the limit of detection, sensitivity and specificity
To test the limit of detection of the RT-dLAMP assay for YFV, a standard sample obtained from VERO cells infected with the prototype YFV strain H111 was used at a concentration of 1.9 × 10 5 PFU/mL. The standard sample was diluted from 10 −1 to 10 −7 and used for establishment of a standard curve to estimate the number of viruses in the samples and the limit of viral particles detected. Each dilution was used to infect six different hamsters via intraperitoneal route. Blood samples from each hamster were collected and tested daily between days 0 and 10. The detection was considered successful in a given day if at least 5 of 6 (83.3%) blood samples were positive for RT-dLAMP using CT = 38.
Sensitivity and specificity were determined using the results obtained from the test panels. True Positive Rates (TPR) and False Positive Rates (FPR) were calculated according to the following formulas: TPR = TP/(TP + FN) and FPR = FP/(TN + FP) (or 1-specificity), where TP is the number of true positive results; FN is the number of false negative results; FP is the number of false-positive results and TN is the number true negative results. All calculations were performed using the caret Package (Kuhn, 2008) in the R environment (R Core Team, 2014).
Statistical comparison of genome amplification assays
For comparison with the RT-dLAMP assay, two other methods were selected. The methods corresponded to the RT-Hemi-NESTED-PCR and the SYBR green one step real time PCR assays which target the E gene of the YFV genome (Nunes et al., 2011) and the recently described RT-sLAMP for YFV 17D strain (Khunthong et al., 2013) . The predictive power RT-sLAMP, RT-dLAMP and qRT-PCR were also evaluated using the Receiver Operating Characteristic (ROC) curve analysis (Kumar and Indrayan, 2011; Pepe, 2000) with an 95% confidence interval (CI) using pROC (Robin et al., 2011) , an open-source R (R Core Team, 2014). The procedures where TPR and FPR values are closer to 1 and zero, respectively, represent ideal performance with an AUC = 1 (or 100%) in a ROC graph.
Results
RT-dLAMP assay and visual analysis
The products of the RT-dLAMP were visualized in both electrophoresis gel (EPG) and by naked eye. Positive results by EPG were interpreted as ladder bands. For naked eye visualization, positive samples were observed as fluorescent reactions in the tubes. Fig. 2 illustrates the positive reactions for the RT-dLAMP PCR assay using the degenerate YFV NS1 primers. The positivity rate for RT-PCR, RT-Hemi Nested-PCR, qRT-PCR, RT-dLAMP and RT-sLAMP were determined using the panel of samples (Table 1) The numbers of positives in the YFV group (true positive samples) were 40 (61.5%), 61 (93.8%), 65 (100%) and 65 (100%), respectively, in 65 tested samples for conventional RT-PCR, RT-Hemi Nested-PCR, qRT-PCR and RT-dLAMP. For the RT-sLAMP assay, 41 of 65 (63%) were positive. Table 2 summarizes the results for genome detection involving all tested assays.
For all tested assays, no false positives were detected in the non YFV group, except for the RT-Hemi-Nested-PCR, where two false positives were observed (3.07%).
Based on these results the TPR and FPR were estimated as follow: RT-PCR (TPR = 0.615, FPR = 0), RT-Hemi-Nested PCR (TPR = 0.938, FPR = 0.031); qRT-PCR (TPR = 1, FPR = 0); RT-sLAMP for 17D vaccine strain (TPR = 0, FPR = 0.631); RT-dLAMP using degenerate primers for YFV (TPR = 1, FPR = 0). Table 3 shows the matrix for all assays.
Comparing the areas under the ROC curves (AUC), the performances of qRT-PCR and RT-dLAMP were equivalent, with an AUC = 100%, and significantly higher then RT-sLAMP, which had an AUC of 91.1% (95% CI, 86.1-96.1%, Fig. 4 ).
Limit of detection
The RT-dLAMP showed distinct limits of detection, based on the sample dilution and days after YFV infection. Undiluted samples were detectable from day 1 to day 6 with a viral concentration of 1.9 × 10 5 PFU/mL and CTs ranging from 19 (Day 1) to 36 (Day 6). For samples diluted from 10 −1 to 10 −5 (1.9 × 10 4 to 1.9 PFU/mL), detections were respectively observed with CTs from 20 (Day 1) to 36 (day 4), CT 31 (day 1) to CT 38 (day 2), CT 33 (day 1) to CT 35 (day 3), CT 35 (day 1) to CT 38 (day 2) and CT 38 (day 1). Samples diluted from 10 −6 (0.19 PFU/ml) to 10 −7 (0.019 PFU/mL), reaction were detected in less than 66% of the samples, and only in day 1 (CT > 38) (Fig. 3) . On day 0, none of the dilutions could be detected. Fig. 3 shows the progression of the chance of detection along the days.
Discussion
Despite an efficient vaccine for control of yellow fever since the 1940s, the disease still represents a public health concern in the endemic areas (Africa and South America). Poor vector control and anthropogenic actions in the forest environment, associated with unplanned, rapid urbanization of cities (Frierson, 2010; Vasconcelos, 2003; Vasconcelos et al., 2001; Walther et al., 2002) , Table 2 RNA samples used for comparative analysis of RT-dLAMP-PCR and other molecular methods. YFV: Yellow fever virus; CT: cut-off threshold value (CT = 38).
Groups
Virus NYFV1  neg  neg  neg  40  neg  39  neg  40  pos  NYFV2  neg  neg  neg  40  neg  40  neg  40  pos  NYFV3  neg  neg  neg  40  neg  40  neg  39  pos  NYFV4  neg  pos  neg  39  neg  38  neg  39  pos  NYFV5  neg  neg  neg  40  neg  40  neg  39  pos  NYFV6  neg  neg  neg  40  neg  40  neg  40  pos  NYFV7  neg  neg  neg  40  neg  40  neg  40  pos  NYFV8  neg  neg  neg  39  neg  40  neg  40  pos  NYFV9  neg  neg  neg  38  neg  40  neg  39  pos  NYFV10  neg  neg  neg  40  neg  40  neg  40  pos  NYFV11  neg  neg  neg  40  neg  40  neg  40  pos  NYFV12  neg  neg  neg  40  neg  38  neg  40  pos  NYFV13  neg  neg  neg  40  neg  40  neg  40 and human movements (Woolhouse et al., 2012) from yellow fever endemic to non-endemic urban areas have contributed to the increased risk of yellow fever urbanization (Gardner and Ryman, 2010; Monath, 2001; Vasconcelos, 2003; Monath and Vasconcelos, 2015) . In this context, new approaches for detection of yellow fever have been developed in recent years (Bae et al., 2003; Dash et al., 2012; Mantel et al., 2008; Weidmann et al., 2010; Nunes et al., 2011) . However, all of them requires the need for a thermal cycler or real time device, which increases the cost and limits the use of the test to laboratories with good facilities, equipment, and funding. More recently, Weidmann et al. (2010) , Domingo et al. (2012) and Escadafal et al. (2014) have developed specific assays for Table 3 Test sensitivity and specificity for RT-PCR, RT-Nested PCR, RT-qPCR, RT-dLAMP-PCR and RT-sLAMP-PCR assays from 130 RNA samples used in this study, with cutoff CT = 38.
RT-PCR
RT -Nested PCR  RT-qPCR  RT-dLAMP-PCR  RT-sLAMP-PCR   True positives  40  61  65  65  41  False negatives  25  4  0  0  24  True negatives  65  63  65  65  65  False positives  0  2  0  0  0  Specificity  1  0.97  1  1  1  Sensitivity 0.61 0.94 1 1 0.63 detection of YFV genomes. Although robust and easy, the methods still need the use of labeled probes or specific equipment. Kwallah and co-workers (2013) developed an isothermal approach for YFV genome detection. This was an important improvement on field assay since the LAMP methodology does not require complex devices (Mori and Notomi, 2009 ) such as thermo cyclers or real time PCR machines which needs mains power supply. In this case, the LAMP method requires a simple thermo block heating supplied by low voltage battery easily and economically obtained in general hardware shops. The developed assay for YFV genome detection described by Kwallah et al. used a set of primers specific for the NS1 gene of the YFV 17D vaccine strain which was derived from the wild YFV ASIBI strain isolated in Ghana in 1927 (Frierson, 2010) . This approach succeeded in detecting the YFV genomes of strains isolated in Africa including the 17D strain. However YFV strains from other countries were not tested, and therefore, the capacity to detect New World YFV strains remains to be investigated. Partial sequences of YFV prM, E, and NS5 genes (Bryant et al., 2007) , as well as the complete genome sequences of Brazilian, African and Trinidadian YFV strains (Nunes et al., 2012; Pisano et al., 1999; Stock et al., 2013) have demonstrated a high degree of genetic variation among YFV isolated in Africa and the Americas. Indeed, five and two distinct genetic lineages have been described respectively in these YFV endemic regions (Bryant et al., 2007; Vasconcelos et al., 2004) . Due to this genetic variability, we decided to redesign a set of primers in order to increase the sensitivity and specificity to those used by Kwallah et al. (2013) and other authors (Domingo et al., 2012; Escadafal et al., 2014) including degenerations in the consensus sequence (Fig. 1) . These degenerations were used in order to target all YFV strains available in the Genbank database which included isolates from African, South American, Central American and the Caribbean regions (Table 1) .
The analysis of the RT-dLAMP products demonstrated that the test succeeded in detecting a wide range of YFV strains obtained from new world and one African derived strain (17DD vaccine strain) which were distinctly visualized in both 2% electrophoresis gel (Fig. 2(a) ) and during UV irradiation (Fig. 2(b) ), where a very distinct pattern for positive and negative reactions was observed. Obtaining African strains was a limitation for the study, however the positivity for the 17DD vaccine strain suggests that the RT-dLAMP is also able to detect other YFV African strains. In this case, further evaluation using YFV strains isolated in Africa should be helpful to support this hypothesis.
The usefulness of a diagnostic test is generally assessed by calculating the sensitivity (TPR) and specificity (1-FPR), or the positive predictive value and negative predictive value of the test (DeLong et al., 1985) . We have assessed the sensitivity and specificity of five molecular methods and found 100% positivity for the RT-dLAMP, indicating that the test was able to detect all true positive samples (Table 1 ) included in our assay (Table 2 ). In comparison with other tests (conventional RT-PCR, RT-Hemi-Nested-PCR, qRT-PCR and RT-sLAMP), all tests were specific. However, the RT-dLAMP sensitivity was 100% compared to the RT-PCR (61.5%), RT-sLAMP (63.1%), and RT-Hemi-Nested-PCR (93.8%) ( Table 2 ).
In the case of the conventional RT-PCR, the low sensitivity (61.5%) may be explained by the use of primers that amplify a 1 kb long fragment. Efficiency on amplification of large genomic fragments could be affected by storage conditions and enzymatic degradation of RNA or DNA, in particular target sequence (Nunes et al., 2011) . In the case of the RT-sLAMP, analysis of the target primer binding sites at the NS1 gene proposed by Kwallah and colleagues (2013) demonstrated that, especially in the F3 outer primer, F2 Forward inner primer and B3 reverse outer primer bind sites, three to five degeneration were found and could be responsible for the lower test sensitivity (Fig. 1) . The efficiency with African strains is explained by the primer specificity for the YFV 17D vaccine strains that was derived from the African wild type Asibi strain.
The RT-dLAMP using degenerate primers were able to amplify all tested YFV strains isolated in distinct geographic areas and from distinct hosts (humans, mosquitoes and monkeys; Tables 1 and 2), and had equivalent sensitivity in comparison to the RT-Hemi-Nested-PCR and qRT-PCR (Nunes et al., 2011) . In addition, the evaluation of the assay using hamster serum samples infected with the YFV Brazilian prototype strain indicates that degenerate primers succeeded in detection of YFV genome in low viral titers and a higher percentage of detection ranging between 100% and 83% from day 1 to day 4 ( Fig. 3(a) ). More specifically, the limit of detection for the assay was 19 PFU/mL which is equivalent to those observed for other methods (Nunes et al., 2011) . The ROC method has been used to evaluate and indicate the performance of a given test in comparison to other (Kumar and Indrayan, 2011) . In case of the RT-dLAMP, the ROC analysis (Fig. 4) clearly indicates that it is comparable in performance with RT-qPCR -widely used for detection of RNA viruses.
The current assay does not use complex equipment, and can be easily handled by technicians with basic knowledge in sample handling. The absence of thermocyclers and eye visualization of test results are possible factors that contribute to the low-cost of the test, facilitating wider range of use in laboratories with basic facilities. Thus, the RT-dLAMP could be a useful approach for YFV detection during ecologic/epidemiologic investigations in field conditions.
